Abstract: During a recent collection trip to Barro Colorado Island, Panama, two species belonging to genus Ascopolyporus (Clavicipitaceae, Hypocreales) were collected. Species of Ascopolyporus are epibionts of their bamboo (Poaceae) host and long thought to be biotrophs of their plant hosts. However, based on morphological observations and phylogenetic evidence using large subunit ribosomal DNA data, we propose that genus Ascopolyporus is likely composed of pathogens of scale insects (Coccoideae, Homoptera). Phylogenetic analyses included Ascopolyporus spp. in a clade containing only entomopathogenic clavicipitaceous species (100% posterior probability), and the scale insect pathogen Hyperdermium bertonii was found to share the most recent common ancestor with the Ascopolyporus clade (98% posterior probability). In addition remnants of the scale insect were observed to be embedded within stromata during early stages of stroma development. Ascopolyporus philodendrus sp. nov. was described and distinguished from the type species of the genus, A. polychrous, based on perithecial size, ascus size, plant host substrate and phylogenetic evidence. Furthermore subfamily Clavicipitoideae (Clavicipitaceae) was included and well supported in a single clade (100% posterior probability).
INTRODUCTION
The fungal family Clavicipitaceae (Hypocreales, Ascomycota) is composed largely of pathogens and symbionts of plants, arthropods and fungi (Rogerson 1970) . Much is known about the genera Claviceps Tul., Balansia Speg. and Epichloë (Fr.) Tul. due to their association with economically important grasses in subfamily Pooideae (Funk and White 1997, Schardl et al 1997) . In addition a great deal is known about the diversity of arthropod and fungal pathogenic members of genera Cordyceps (Fr.) Link, Torrubiella Boud. and Hypocrella Sacc. due to the depth and breadth of many historical taxonomic studies (e.g. Petch 1921 , Mains 1957 , Kobayasi 1982 , Kobayasi and Shimizu 1963 . In contrast few investigations have been made into the ecology and systematics of the clavicipitaceous genera associated with bamboos and other economically unimportant hosts. The bamboo host niche encompasses nearly a third of all clavicipitaceous genera. Of these genera Stereocrea Sydow & Sydow, Cavimalum Doi et al, Mycomalus Möller, Ascopolyporus Möller and Konradia Raciborski are epibionts that develop on the culms of their hosts. Although originally considered pathogens of their plant substrates, many members of Clavicipitaceae have been found to be pathogens of homopterans (e.g. Coccoideae) that spend the majority of their life cycle attached to their plant host (Petch 1921 , HywelJones and Samuels 1998 , Sullivan et al 2000 , White et al 2002 . Clavicipitaceous genera Hyperdermium, Dussiella (ϭ Echinodothis) and Fleisheria Penzig & Sacc. (ϭ Hypocrella) all were thought to be plant pathogens until they were discovered to be pathogens of scale insects or leaf-hoppers (Bischoff and White 2003) .
During recent trips to Barro Colorado Island, Panama, two distinct species that were determined to belong to genus Ascopolyporus were collected. One strain was similar to the type species of the genus (A. Sullivan et al (2000) . Squash mounts were made from material stored in FAA and ethanol and from the culture isolations. Microscopic evaluations were made with a Zeiss Axioskop microscope. Macroscopic evaluations were made with a Zeiss Stemi SV8 dissecting scope. Photographs were taken with a Nikon Coolpix 880 digital camera.
Sequence data.-Fresh mycelium was taken from cellulose acetate sheets overlaid on PDA and ground with liquid nitrogen. Genomic DNA was extracted with the DNeasy Plant Mini Kit (QIAGEN). The rDNA ITS2 and the 5Ј end of 28S regions were amplified from 4 L of genomic DNA using primers ITS5 (Vilgalys and Hester 1990) and LR7SM (Sullivan et al 2000) in a 50 L reaction. PCR reactions and cycle sequencing reactions were performed as described by Sullivan et al (2000) and analyzed on an ABI 3100 Automated DNA Sequencer. LSU sequences of Ascopolyporus philodendrus (AY886545), A. polychrous (AY886547) and A. villosus (AY886544) were submitted to GenBank. Sequences obtained from GenBank for phylogenetic analysis are provided (TABLE I) .
Phylogenetic analysis.-Sequencher (Genecodes, Ann Arbor, Michigan) was used to analyze, edit and construct consensus sequences from sequence products. Matrix alignment was performed in Clustal X (Thompson et al 1997) using the default settings. The alignment was checked and improved manually. The alignment is available at Tree Base.
Modeltest 3.06 (Posada and Crandall 1998) was used to select the model of evolution that best fit the data. This model was input into PAUP 4.0b10 Alvitec (Swofford 2002) .
A maximum likelihood analysis was performed with model parameters invariable sites (I), gamma distribution (G), base frequencies and the R matrix as determined by Modeltest. Taxa were added randomly in 100 replicates with a random starting seed. One tree was held at each step during stepwise addition using the TBR algorithm. Branches were collapsed if branch length was less than or equal to 1 Ϫ10 . MrBayes 3.0, a Bayesian phylogenetic inference program (Huelsenbeck and Ronquist 2001) , was used to determine branch support (posterior probabilities). Bayesian analysis was run with four Markov chains Monte Carlo (three cold, one heated) for 2 000 000 generations, sampling every 100 generations (including the first generation), which yielded 20 001 trees. These trees were graphed to determine at which point the trees being recovered were asymptotic (approaching a constant state). The trees that were not asymptotic were discarded (''burn-in'', Huelsenbeck 2000) . Bayesian analysis was done five times to get a broad spectrum of likely trees. These trees were imported into PAUP 4.0b10 Alvitec (Swofford 2002 ) and a majority-rule consensus tree was produced to determine posterior probabilities. Support values are reported on the maximum likelihood tree ( color, polypore-like form and conidial morphology. However Möller described the size of the perithecia (ϳ750 m long), asci (ϳ500 ϫ 4 m), and ascospores (ϳ300 ϫ 1 m) of A. polychrous to be larger than found in A. philodendrus. Furthermore, unlike other Ascopolyporus species, A. philodendrus was collected from Philodendron sp. (Araceae). All other Ascopolyporus taxa were found attached to bamboos (Poaceae).
RESULTS
Morphology.-Both Ascopolyporus spp. developed epibiotically from the stem of the host plant. Ascopolyporus philodendrus (FIG. 1A-H ) was found on a liana (Philodendron sp.) approximately 0.5-2 m above ground. Ascopolyporus villosus (FIG. 2A-F) was found growing 3-20 cm above ground on the culm of an unidentified Chusquea species. Ascopolyporus philodendrus was red to purple, and A. villosus was white to pale yellow. Perithecia developed on the underside of the A. philodendrus stroma so that the ostioles were facing the ground. No perithecia were observed on any A. villosus stromata.
The conidiogenous cells of both Ascopolyporus philodendrus and A. villosus are phialidic. The phialides arise from the young stroma (FIGS. 1F, G; 2C). Both species produce enteroblastic, subcylindrical, guttulate conidia (FIGS. 1D, 2F). Immature conidia are single celled. However they elongate and develop 1-4 septa during maturation (FIG. 2C) . Mature conidia of A. philodendrus measure 12-25 ϫ 3-4 m (FIG. 1D) . Mature conidia of A. villosus measure 10-22 ϫ 2-5 m (FIG. 2F) .
The lenticular shape of what remained of the scale insect host test was observed in several young Ascopolyporus villosus stromata (FIG. 2B) . When stromata were removed from their respective plant substrates a circular gap in the mycelium was observed directly below the position where the scale insect once was attached (FIG. 2E) . On the underside of several stromata in the ellipsoidal region where the scale insect was attached we saw a small round hole (ca. 40-50 m diam) where the thread-like mouthparts likely were inserted into the plant (FIG. 2D) .
Phylogenetic analysis.-The matrix contained sequences of 47 taxa, 44 of which were obtained from GenBank (TABLE I) . A total of 885 characters were aligned homologously. Modeltest 3.06 concluded that the General Time Reversible model with invariable sites and gamma distribution values included (GTR ϩ I ϩ G, Tamura and Nei 1993) was the model of evolution that best fit the data based on the Akaike Information Criterion (AIC Akaike 1974) . The parameters included: base frequencies A ϭ 0.2432, C ϭ 0.2357, G ϭ 0.3242, T ϭ 0.1969; rate matrix A↔C ϭ 0.6805, A↔G ϭ 2.6668, A↔T ϭ 0.5044, C↔G ϭ 1.1617, C↔T ϭ 9.9513, G↔T ϭ 1.0000; I ϭ 0.6376, G ϭ 0.6363.
Of the 100 005 trees sampled from 10 000 005 generations 4048 were discarded due to ''burn-in'', leaving 95 957 trees to generate posterior probability values (FIG. 3) . PAUP found the most likely tree (Ϫln 4331. 55920 FIG. 3) in three of 100 replicates.
Members of Clavicipitaceae (Clades A, B, C) were supported as a monophyletic grouping (100% posterior probability). Clade A was weakly supported (Ͻ50% posterior probability). The relationships among many groups within Clade A and how they relate to Clade B varied greatly among the trees reported by Bayesian analysis (not shown). Clade B itself was well supported (100% posterior probability) as a distinct group within Clavicipitaceae. Clade B contained entomogenous taxa in genera Cordyceps, Hyperdermium, Lecanicillium W. Gams & Zare, Beauveria Vuill. and Ascopolyporus. Species of Ascopolyporus were supported as a monophyletic grouping (100% posterior probability) with Hyperdermium bertonii in the ancestral position of the clade (98% posterior probability). Phylogenetic analyses suggest that clades A and B are more closely related to each other than either is to members of Clade C (72% posterior probability). Clade C was supported as a monophyletic group with 100% posterior probability. This FIG. 3 . The most likely tree (Ϫln 4331.5592) as determined by PAUP Alvitec 4.0b10 using GTR ϩ I ϩ G model of evolution. The numbers on the branches indicate the posterior probability as a percentage for the node they proceed (only Ն50% shown).
clade contains all of the clavicipitaceous plant pathogens and symbionts included in this analysis. The only entomopathogens in Clade C are Dussiella tuberiformis and Torrubiella luteorostrata.
DISCUSSION
Nutrition acquisition.-Species of Ascopolyporus were thought to be pathogens of their plant host (Roger-son 1970) . However Bischoff and White (2003) hypothesized that the genus might be necrotrophs of scale insects (Coccoidea). The remains of what best could be determined to be the test of the scale insect (FIG. 2B) and the stylet hole (FIG. 2D) in the base of the stroma provide physical evidence of insect parasitism. The inclusion of genus Ascopolyporus among entomopathogenic members of Clavicipitaceae (FIG.  3, Clade B, 100% posterior probability) also supports the scale insect parasitism hypothesis of Ascopolyporus. Clades A and B contain only insect pathogens and mycoparasitic members of Clavicipitaceae while all the known plant pathogens and symbionts of the family are found in Clade C (100% posterior probability). The hypothesis is further strengthened by the close relationship of Ascopolyporus to the scale insect pathogenic genus, Hyperdermium, especially its type species, H. bertonii (98% posterior probability). Conidial morphology and epibiotic habit of both genera support the close relationship of Ascopolyporus and Hyperdermium (FIGS. 1A, B, D; 2A, E) (Sullivan et al 2000) . These taxa are the only genera in Clavicipitaceae to produce multiseptate conidia (Möller 1901 , Sullivan et al 2000 . The conidia of Hyperdermium spp. are also subcylindrical, elongate with age and produced from simple conidiophores found on the stroma surface.
The relatively large size of Ascopolyporus spp. (reaching Ͻ4 cm diam, Bischoff and White 2003) in relation to its scale insect host (ca. 2-3 mm) also is interesting. Sullivan et al (2000) in discussing the nutritional associations of Hyperdermium spp. with their plant host suggested that the fungus first might consume the scale insect and then continue to garner nutrients from the plant through the hole left by the insect. This might account for the large stroma size of Ascopolyporus spp. in comparison to their insect hosts.
Immature stromata of Ascopolyporus philodendros are filled with a loose mycelial network and with large quantities of purple liquid, presumably composed of plant sap and fungal compounds. The plant sap likely emerges to the stroma through the stylet hole of the scale insect. The surface of the stroma is formed by the growth of mycelium on the surface of the liquid exudates from the plant. Young stromata of A. philodendrus are large and globose. The relatively large size of the stromata might be a function of the rich nutrient supply from plant sap and perhaps some physical force exerted from the volume of sap emerging from the plant. Development of perithecia occurs concurrently with deflation of the globose stroma, which assumes an angular shape, presumably, due to withdrawal of the liquid nutrient supply from the interior of the stroma. Why perithecia tend to form only the lower side of stromata is unknown.
Anamorphic states.-Members of Ascopolyporus and
Hyperdermium are the only taxa in Clavicipitaceae, to our knowledge, to produce conidia that develop multisepta. Thus conidial morphology of Ascopolyporus and Hyperdermium appears to correspond with phylogenetic relationship. However the same is not true for the rest of the taxa in Clade B (FIG. 3) . The orientation of taxa in the clade suggests a trend toward more derived phialide morphology. The simple Cylindrocarpon-like phialides of Ascopolyporus and Hyperdermium appear to be basal to the slightly more complex verticillate branching pattern (e.g. Lecanicillium spp.) and then Beauveria with its flask-shaped phialides and sympodial phialide tips. It will be interesting to see if monophyletic groups that share conidial morphology become apparent with the addition of more taxa that belong to this lineage.
Plant associates of Clavicipitaceae. -Diehl (1950) included the plant symbionts and biotrophs of Clavicipitaceae in subfamily Clavicipitoideae. All members of this subfamily grouped in Clade C (100% posterior probability, FIG. 3 ) in our analysis. This suggests that a single event led to plant symbiosis and biotrophism in Clavicipitaceae. However the Clavicipitoideae was not found to be monophyletic because it included the entomopathogens Dussiella tuberiformis and Torrubiella luteorostrata in deeply rooted positions. Both of these species are entomopathogens of scale insects. This suggests that scale insect pathogens could have been ancestor to the plant parasites and infection of scale insects might have been the evolutionary intermediate step from insect parasitism to plant parasitism in the family Clavicipitaceae. This hypothesis is further supported by the placement of the scale insect pathogens of Clade B, including Ascopolyporus spp., Hyperdermium spp., Lecanicillium lecanii and Torrubiella piperis, ancestors of Beauveria bassiana which Wagner and Lewis (2000) have shown to live endophytically in corn (Zea mays).
